The Eugenia genus is comprised of about 1011 species which share similar features resulting in the complexity of its taxonomy and nomenclature. E. crassipetala, E. kanakana, E. tinifolia and two undescribed Eugenia species all medicinal and endemic to Mauritius Islands were characterized using their phytochemical, bioactive and molecular profile. Biological activity was assessed using the broth microdilution assay and the DPPH assay. Significant minimal inhibitory concentration values of E. crassipetala against E. coli (1.56 mg/mL), E. kanakana against P. mirabilis (0.55 mg/mL) and E. spp (small) against S. aureus (0.43 mg/mL) validates the antibacterial ability of these plant extracts and could be attributed to their high content of antioxidants (flavonoids and phenols). Genetic diversity among these five species was assessed by amplification of genomic DNA using 60 RAPD and 25 ISSR markers. Hierarchical cluster analysis validates the uniqueness of each Eugenia species with E. crassipetala and E. tinifolia forming a separate cluster. Comparative analysis of phytochemical composition and bioactivity correlate with the branching pattern of the species in the dendogram.
Introduction
The Myrtaceae is ranked eighth among the largest flowering plant families (Angiosperms) on earth, consisting of 5774 species within 145 plant genera. 1, 2 The geographical origin of the Myrtaceae is Australia and its distribution is usually confined to warm regions: more concentrated in the tropics and subtropics. They are woody plants with generally entire leathery evergreen leaves with opposite exstipulates, 3 and constitute an important source of essential oils, flavonoids, tannins and other phenolics with biological activities including antibacterial, antifungal or anti-inflammatory properties. 4, 5 Many members of this family share similar features and these result in the complexity of their taxonomy and nomenclature and may account for the lack of interest in the study of this plant family in the last decades. The level of specific diversity for the Myrtle family is estimated to have increased by 43% for the last two decades between publication of the first and latest editions of Mabberley. 6, 7 Molecular markers allow analysis of genetic diversity with solid evidence at the genetic level about relationships between species. They are more reliable compared to morphological or biochemical markers because they are stable irrespective of the organism's age, stage of development, remain unaffected by environment and allow detection of dominance or co-dominance. 8 The first molecular studies carried on species of the Myrtaceae family started in the mid-1990s and gave a new evolutionary structure to understand supraspecific relationships in the family. 2 SPAR (Single Primer Amplification Reaction) methods are simple and economical techniques allowing assessment of genetic diversity. Many plant species of the Myrtaceae have been characterized by these methods, including Psidium, 9 Metrosideros, 10 and Eucalyptus among others. 11 ISSR (Inter Simple Sequence Repeat) analysis allows identification of closely related species, and the study of evolutionary relationships and phylogeny. 9 ISSRs produce numerous dominant multilocus markers from the nuclear genome which are highly reproducible, allowing a more accurate estimate of genetic variation compared to some other commonly used molecular markers. 10 RAPD (Random Amplified Polymorphic DNA) has been used in the molecular characterization of many plant species. The RAPD marker makes use of arbitrary primers and is a rapid and convenient molecular marker for the assessment of genetic diversity among various species including medicinal plants. 12 The use of ISSR and RAPD should complement each other in genetic identification and in mapping different regions of the Eugenia species genome. 13 Eugenia species are members of the Myrtle family which bear berry fruits, with typically massive embryo and cotyledons which are not distinctly separate. Most studies done on species of the Eugenia genus were on E. jambolana, whose extract has antidiabetic properties. 14 The leaves of E. jambolana have been reported to contain β-sitosterol, betulinic acid, mycaminose, crategolic (maslinic) acid, nhepatcosane, n-nonacosane, n-hentriacontane, noctacosanol, n-triacontanol, n-dotricontanol, quercetin myricetin, myricitrin, flavonol glycosides and acylated flavonol glycosides. 15, 16 In the Mascarenes, 16 species are endemic to Mauritius (out of which five species have been recently transferred from the Monimiastrum genus to Eugenia in 2008 following ITS and ETS rDNA sequence studies, 2 3 are endemic to Réunion island, 1 to Rodrigues and 2 have been introduced and naturalized. In Mauritius, Eugenia species including E. tinifolia (endemic) are traditionally used as purgative, diuretic and mixed with other green teas for the treatment of rheumatism. 17 The increasing awareness of the use of traditional medicines to treat minor and major ailments justifies the need to further study endemic plant species with medicinal potential. The scientific validation of information on the antimicrobial and molecular attributes of such plant species constitutes a fundamental aspect of such investigations. Up to now most of the studies carried out on endemic Eugenia species from Mauritius were focused on the antioxidant potential of their extracts. The results obtained constitute the basis for the potential use of the Eugenia species leaf extract as a source of natural antioxidants. [18] [19] [20] The anti-proliferative and apoptotic activity of E. pollicina endemic to Mauritius, has also been reported. 21 In this study, we have used phytochemical and molecular tools in an attempt to characterize endemic Eugenia species from Mauritius islands. The use of phytochemical profiling coupled with molecular markers has previously been reported for the categorization of species, conservation practices and proper management of plant resources. 22 
Materials and Methods

Plant material
Plant specimens used in this study are described in Figure 1 . Leaves of E. spp (big leaves) and E. spp (small leaves) were collected from mature plants at Choisy, Poste de Flacq (East of Mauritius) and those of E. crassipetala, E. kanakana and E. tinifolia were collected from Le Pouce Mountain (North of Mauritius). Voucher specimens of each were deposited at the Herbarium of the Mauritius Sugar Industry Research Institute (Réduit, Mauritius). Young leaves were kept for extraction of genomic DNA and mature leaves were kept for phytochemical analysis.
Metabolite extraction
For the antioxidant assay, mature leaves (25 g) were cleaned and cut into small pieces (≈ 2×3 mm) and put to macerate in three different solvent systems (250 mL): dichloromethane only, dichloromethane/methanol (50/50 v/v) and methanol only for 48 hours. The crude extract was filtered and concentrated to dryness in vacuo at 45°C. Residues were resuspended in 100 mL 95% methanol and kept at 4°C. For the antimicrobial assay, residues from the methanol only solvent system were partitioned by solvent-solvent partitioning between hexane (200 mL) and methanol. The residues were resuspended in100 mL 95% methanol and kept at 4°C.
Phytochemical screening
Phytochemical screening was based on qualitative methods described previously, 23, 24 through a series of test tube tests for coumarins, tannins, anthraquinones, leucoanthocyanins and flavonoids. Phenols, alkaloids, steroids and terpenes were identified by thin layer chromatography (TLC) and UV techniques.
Determination of total flavonoid content
The total flavonoid content (TFC) was determined using a spectrophotometric method. Initially, 2.5 mL of crude extract was treated with 5% NaN0 2 solution (150 µL) for 5 min followed by 10% AlCl 3 (150 µL) for 1 min. 1M NaOH (1 mL) was then added and the tubes were properly vortexed. Absorbance of the reaction mixture was read at 510 nm on Milton Roy Spectronic 1001 Plus UV-Visible. A quercetin standard curve was made (50-200 µg/mL). Total flavonoid content was determined as quercetin equivalents (µg/g of fresh weight) using the following formula: 
Determination of total phenolic content
The total phenolic content (TPC) was determined using a spectrophotometric method. Initially, 2.5 mL of crude extract was treated with Folin-Ciocalteu reagent (250 µL) and the mixture was properly vortexed. After 3 min 20% Na 2 CO 3 (1 mL), the tubes were allowed to stand for 40 min in a 40°C water bath. The tubes were allowed to cool in the dark and the absorbance of the reaction mixture was read at 685 nm on Milton Roy Spectronic 1001 Plus UV-Visible. A gallic acid standard curve was made (50-300 µg/mL). Total phenolic content was determined as gallic acid equivalents (µg/g of fresh weight) using the following formula: 
Biological assays
Antioxidant assay This was carried out according to the 2.2-diphenyl-2-picrylhydrazyl (DPPH) assay system. 3900 µL of a 0.3 mM DPPH methanol solution was added to 100 µL solution of each crude extract or standard (25-125 g/mL) and allowed to react in the dark at room temperature for 30 min. The absorbance of the resulting mixture was measured at 515 nm and converted to percentage antioxidant activity (AA%), using the formula: AA% = [(Abs blank -Abs sample ) × 100]/Abs blank Abs = Absorbance.
Methanol (3900 µL) plus extract solution (100 µL) was used as blank. 3900 µL of 0.3 mM DPPH plus methanol (100 µL) was used as a negative control. Solution of quercetin served as positive control. This assay was carried out in triplicates for each plant extract.
Antibacterial assay
The serial microdilution method was used to determine the minimum inhibitory concentration (MIC) for antibacterial activity of fractionated extracts. 25 Two millilitres of three bacterial cultures [one Gram-positive, Staphylococcus aureus (ATCC no. 29213)], two Gramnegative, Escherichia coli (ATCC no. 25922) and Proteus mirabilis (ATCC no. 12453) were prepared and incubated overnight at 37°C. The overnight cultures were standardized by dilution with sterile MH (Mueller-Hinton) broth (1 mL bacteria/100 mL MH) to an absorbance of 0.4-0.6 at 600 nm. 100 µL of compound solution tested for each bacterium was two-fold serially diluted with 100 mL sterile distilled water in a sterile 96-well microplate. A similar two-fold of chloramphenicol (10 mg/mL) was used as positive control against each bacterium. Methanol was used as negative control and 100 µL of bacterial suspension was added to each well. The plates were covered, sealed with parafilm and incubated overnight at 37°C. Bacterial growth was assayed with the addition of 40 µL of 0.2 mg/mL ρ-iodonitrotetrazolium violet (INT) to each well after incubation at 37°C for 30 mins. Bacterial growth in the wells was indicated by a red color and colorless wells indicated inhibition of tested extracts.
Molecular study Genomic DNA extraction
Genomic DNA was extracted from young leaves by a modified CTAB method. 26 About 80 mg of leaves were ground using liquid nitrogen, dispensed in 750 µL of cetyltrimethylammonium bromide (CTAB) extraction buffer made up 2.5% (w/v) CTAB, 1.25 M NaCl, 0.1M Tris-HCl (pH 8), 0.02M EDTA (pH 8), 4% (w/v) PVP and 4% (v/v) -mercaptoethanol; in a 15 mL corning tube and placed in a 65°C water bath with occasional swirling for 45 min. 500 µL equal volume chloroform:isoamyl alcohol (24:1, v/v) was added, the contents mixed to form an emulsion and tubes spun in MIKRO 220R microcentrifuge at 13,000 r.p.m., 4°C for 15 min (this was repeated until no interface was visible). The supernatant was transferred to a sterile microcentrifuge tube to which 5M NaCl (150 µL) followed by 500 µL icecold isopropanol were added. DNA was allowed to precipitate for 1 hour at -37°C and then the tubes were centrifuged at 14,000 r.p.m., 4°C for 30 min. The supernatant was discarded. The pellet was washed with 500 µL and air dried at room temperature for 15 min. The pellet was dissolved in 30 µL sterile distilled water. RNAse A/Phenol was then done. 
RAPD analysis
60 Operon primers were screened. Amplifications products were obtained using primers OPA-08, OPA-19, OPA-02, OPA-10, OPA-11, OPA-12, OPA-04, OPL-05 and OPD-02. The thermal cycling program (Applied Biosystems 2720 Thermal Cycler) consisted of forty cycles. Each cycle consisted of denaturation at 92°C for 30 sec, annealing at 35°C for 1 min, an extension at 72°C for 3 min followed by a final extension at 72°C for 10 min.
ISSR analysis
Out of 25 screened primers, amplification products were obtained using ISSR 2, ISSR 3 and ISSR 4. The thermal cycling program (My Cycler™ BIO RAD) consisted of thirty five cycles. Each cycle consisted of denaturation at 94°C for 30 sec, annealing at 53°C (ISSR 2 and ISSR3) and 50°C (ISSR 4) for 1 min, an extension at 72°C for 2 min followed by a final extension at 72°C for 10 min. All PCR products were resolved on 1.5% agarose gel at 115V for 2.5 hr. PCR products were visualized by UV-fluorescent staining with ethidium bromide (0.5 µg/mL).
Statistical analysis Antioxidant assay analysis
Spearman's rank correlation coefficient is a bivariate evaluation of any relatedness which is employed with rank-order data. In this study, it was computed to find out which one, between TFC and TPC, was more related to the reported antioxidant activity of the Eugenia species plant extracts. The correlation coefficient was calculated using Excel (2010) and Minitab 16. The closer the R 2 or r s value obtained is to 1, stronger is the relationship between the two variables (i.e. here, TFC or TPC with antioxidant activity). The closer the R 2 or r s value obtained is to 0, weaker is the relationship between the two variables.
Analysis of RAPD and ISSR profiling
Band positions obtained on amplification of genomic DNA were scored for each Eugenia species, from photographic prints of gels. Scores were defined as either by presence, corresponding to value 1, or absence of bands, corresponding to value 0. Data were processed using the statistical software NTSYS-PC and DARwin 5 software to construct a UPGMA dendrogram using hierarchical clustering. 27, 28 Using NTSYS-PC, a dissimilarity matrix was calculated utilizing Jaccard's coefficient. 29 
Results and Discussion
Chemical Screening
Initial phytochemical screening of crude extracts and fractions (Figure 1 ) revealed the presence of coumarins, tannins, flavonoids, saponins, phenols, alkaloids and terpenes. However, anthraquinones were detected in E. tinifolia only and leucoanthocyanins appeared only in the methanol fractions of the extracts of all species. High concentrations of phenolics and flavonoids have also been recently reported in in E. jambolana polar seed extracts. 30 Total flavonoid content (TFC) of most Eugenia species studied seemed to be higher in extracts containing methanol than those with dichloromethane (Equation 1 
Antioxidant assay
The DPPH free radical activity of the leaf extract of Eugenia species was maximum in those extracted by the two most polar solvent system: dichloromethane:methanol (1:1, v/v) and methanol only solvent systems (Supplementary Table S1 ). This high antioxidant activity ranged between 95.50±0.02 to 91.88±0.02% inhibition /100 µL of extract.
A correlation analysis was performed to identify whether only flavonoids or the synergistic effect of phenols (flavonoids and nonflavonoids) in the Eugenia extracts accounted directly for antioxidant activity. The Spearman's correlation coefficient was used since from the regression graph, it was seen that there was a non-linear relationship between either TFC or TPC and DPPH free radical activity. From Supplementary Table S1, it could be deduced that phenolics and antioxidant activity were more closely related compared to flavonoids and antioxidant activity. From the correlation coefficient (0.570) and the regression graph 67.5% of the data explain of the logarithmic relationship between total phenolic content and percentage DPPH scavenging activity. From the correlation coefficient of total flavonoid content (0.533) is not much far away from that of TPC and antioxidant activity. However, only 34.45% (<60%) of the data explain the logarithmic relationship between total flavonoid content and percentage DPPH scavenging activity (P<0.05). We therefore can deduce that a higher significant (P<0.
Antibacterial assay
The antimicrobial properties of crude extracts and fractions of E. spp (big leaves), E. crassipetala, E. kanakana, E.spp (small leaves) and E. tinifolia were tested against two Gram negative and one Gram positive bacteria. It was noted that E. crassipetala and E. tinifolia extracts showed the most significant antibacterial activity when tested against E. coli, P. mirabilis and S. aureus; with minimum inhibitory concentrations (MIC) lower than the positive control, chloramphenicol. Moreover, it was noted that antimicrobial activity of the Eugenia species leaf extracts seemed to be more important in crude dichloromethane fractions than in the methanol or hexane fractions (Supplementary Table S1 ). The antibacterial activity of E. jambolana seed extracts against S. aureus, P. pneumoniae and P. aeruginosa was reported to be more significant in polar fractions of same, 30 indicating that leaf and seed extracts of Eugenia differ with respect to their antimicrobial properties.
Molecular study
Assessment of genetic diversity among the five Eugenia species was carried out using the 13 RAPD and 3 ISSR markers which gave the maximum polymorphic bands. Figures. Within this cluster analysis, based on the dissimilarity matrix, it was found that E. tinifolia was the most different from the rest of the species of the group. E. tinifolia and E. kanakana had genotypes which were most distantly related (0.999) and in contrast, E.spp (big leaves) and E.spp (small leaves) were the two closest species (0.4863) as shown by the dissimilarity matrix.
Clustering of the Eugenia species within the dendogram corroborates with results obtained from phytochemical screening and biological assays. Phytoprofiling clearly revealed that E.spp (big leaves), E. kanakana and E. spp (small leaves) (members of clade X) were the species to contain saponins, while only traces of saponins were detected in the two species of clade labelled Y (Table 1) . Total flavonoid and phenolics content evaluation showed that E. crassipetala and E. tinifolia extracts contained far more flavonoid and phenolics compared to the three species of clade labelled X. This may account for the high antibacterial properties of these two extracts as shown by the MIC values (Supplementary Table S2 ). The following mechanism most probably occurred: hydroxyl group present in the phenol molecule ionizes in the presence of a base to give -O -ion. 31 These interact with electronegative atoms in peptide bonds by forming hydrogen bonds or positively charged side chains of basic amino acids (lysine, histidine, arginine respectively) of proteins by stronger ionic bonds. This eventually affects microorganisms' membrane proteins permeability, causing water to enter into the cells by osmosis resulting in cell death when these burst. As noted by the MIC values obtained with E. tinifolia crude extract and fractions, anthraquinones, another phenolic compound, add up to the antimicrobial activity of the plant extract. Moreover, correlation of TPC with antioxidant activity may be explained by the synergistic antioxidant effects of flavonoids and non-flavonoids possibly in terms of hydrogen-ion donors: higher amounts of phenolics components results in rapid and increased antioxidant activity, since there are more hydrogen ions dissociations from the hydroxyl groups of phenol at a given time. At the morphological level E. tinifolia and E. crassipetala share certain morphological features namely shape of the leaves which are obvate as compared to circular in species of clade X. In fact E. tinifolia and E. crassipetala were previously classified in the genus Monimiastrum and have been recently transferred to Eugenia. 32 According to the dendogram, clade X clusters the two undescribed Eugenia species together. This classification corroborates with the similarities in their morphological features and in their phytochemical profiles.
These species have significant similarities in their total phenolics content (Equation 2) and leaf morphology (Table 1 ) -both are slightly crinkled and orbicular in shape, except that E.spp (small leaves) leaves are smaller. Taking into account climatic conditions prevailing in the area of the sample collection of both species, it is to be noted that it is relatively dry. E. spp (small leaves) may be hypothesized to have evolved after E. spp (big leaves) with more adaptive features: The smaller the leaves are, the lower the surface area to volume ratio and rate of transpiration. Since less water is lost by plants with smaller leaves, the plant can fix more carbon dioxide by photosynthesis. This is the first study making use of phytochemical and molecular tools for the classification of Eugenia species endemic to Mauritius. Phytoprofiling of these endemic species clearly showed that these species are rich in a diverse range of compounds and also that phytochemical data strongly correlates with morphological and molecular features. The presence of anthraquinones in E. tinifolia validates its use as a purgative. Biological assays clearly demonstrated that E. crassipetala and E. tinifolia could be coined as having powerful antimicrobial and antioxidant properties. These are of paramount importance since it paves the way to more in-depth studies for the classification of the species, and unveiling medicinal virtues for those, medicinally-speaking, unknown species through the isolation and characterization of bioactive molecules. 
